INTRODUCTION
year), (3) multivoltine annual, (4) semelparous (single-brooded) biannual, (5) semelparous perennial, and (6) iteroparous (multiple-brooded) perennial. Only a few publications exist on the reproductive biology of melitiid amphipods (Nelson 1980 , Van Dolah & Bird 1980 , Sainte-Marie 1991 , though the information they contain on D. appendiculata was based on data collected in North Carolina (Nelson 1978) . Prior to this study, the only information available on the species in Maryland Coastal Bays (MCBs) is in grey literature (e.g. Llansó et al. 2002 Llansó et al. , 2004 and is limited to its occurrence and densities. Thus, the life history, reproductive biology, and population dynamics of D. appendiculata have received little attention. The present study aims to describe, for the first time, the life history and some aspects of the reproductive biology of D. appendiculata in MCBs.
MATERIALS AND METHODS

Study area
The Maryland Coastal Bays (MCBs) is a barrierisland system located on the eastern part of the Delmarva Peninsula, USA. The system consists of 5 principal lagoons distributed in 2 areas: Assawoman and Isle of Wight Bays, located in the northern area of the MCBs, and Sinepuxent, Newport, and Chincoteague Bays located in the southern area of the MCBs (Fig. 1) . These 5 bays differ with regard to depth, flushing rate, surface area, and anthropogenic activity. In general, the MCBs are shallow with an average depth of 1.2 m, predominantly polyhaline with salinity > 25, and a surface area that ranges from 15.9 km 2 in Newport Bay to 189 km 2 in Chincoteague Bay (Chaillou et al. 1996 , Wazniak et al. 2004 .
Sample collection and processing
Samples were taken at 13 sites (8 sites in the southern area and 5 in the northern area) (Fig. 1) . Sampling was conducted monthly for 9 mo from March to December 2012, although due to inclement weather conditions, samples were not collected in September. Samples were collected using an epibenthic sled (area = 0.39 m 2 ), with a 1.0 mm mesh size net. A flow meter Model 2030R (General Oceanics) was attached to the net frame in order to determine the volume of water that passed through the net during each sampling event. Field sampling was completed in 2 d each month. At each site, 2 horizontal tows were conducted at an average speed of 2 knots for 5 min. In the field, the net was rinsed and all macroinvertebrates were passed through a 0.5 mm sieve. Additionally, epifauna were separated from macroalgae by shaking each macroalgal fragment in a bucket filled with seawater. The macroinvertebrates retained were passed through a 0.5 mm sieve, and all the invertebrates were fixed in 5% neutral buffered formalin. All macroalgae collected with the sled were stored in plastic bags with seawater in a cooler. Subsequently, the wet weight of the macroalgae collected at each site was determined in the laboratory. The macroalgae were washed over a sieve with a 0.3 mm mesh size. Each macroalgal fragment was then visually examined further to confirm that all epifaunal invertebrates were removed. All amphipods collected were counted, identified to the lowest practical taxonomic level, and preserved in ethanol (70%).
Water quality data were collected in situ using a YSI 6600 Multi-Parameter Water Quality Sonde and included water temperature, salinity, dissolved oxygen, and pH, which were all recorded at 0.3 m from ). After all the specimens collected each month were counted, the size-structure of the amphipod species was determined each month using length measurements of 150 individuals (i.e. based on the lowest total abundance of specimens found in April 2012) from the samples, with the exception of November, when only a total of 9 individuals found in the samples were measured. Subsamples of the amphipods were taken from each site sampled, and individual amphipods were selected as encountered from each subsample until 150 individuals were measured. Additionally, during each month, the selected specimens of D. appendiculata were sexed and classified into 4 categories: (1) juveniles ( Fig. 2A) -specimens < 2.5 mm TL and without distinctive characteristics (e.g. absence of oostegites or asymmetrical second gnatho- (4) males (Fig. 2D ) -with asymmetrical second gna thopod. Under a stereo microscope, embryos were removed from un damaged marsupia of gravid females and counted. Total body length (TL) was measured from the posterior margin of the rostrum to the anterior margin of the telson. On the basis of TL, individuals were pooled into size classes using a size class interval of 1 mm. All measurements were taken with the aid of an eye-piece micrometer (± 0.1 mm) under a stereomicroscope. Spearman's rank correlation coefficients (r s ) were calculated to assess the relationships between D. appendiculata abundance and macroalgal abundance, and the relationships of environmental factors (i.e. water temperature, salinity, dissolved oxygen [DO] , and pH) with the proportion of ovigerous female in the total population. A Chi-squared test was used to determine whether there were significant differences in the sex ratios, using the MINITAB statistical software package, Version 14.2.
RESULTS
Abiotic variables
The mean (± SE) values of environmental parameters measured in the MCBs during this study period are summarized in Table 1 . Mean temperature (°C) ranged from 8.0 ± 0.1 to 26.4 ± 0.23, salinity from 26.4 ± 0.8 to 34.6 ± 0.76, and dissolved oxygen (mg l −1 ) from 6.0 ± 0.16 to 10.4 ± 0.3. Furthermore, pH ranged from 5.7 ± 0.4 to 8.0 ± 0.05, depth (m) from 1.7 ± 0.21 to 2.2 ± 0.26, and Secchi depth (m) transparency from 0.6 ± 0.04 to 1.2 ± 0.06.
Variations in abundance of Dulichiella appendiculata
A total of 16 238 individuals of D. appendiculata were counted; of these, 909 were measured and sexed. Specimens of D. appendiculata were only found at 11 of the 13 sites sampled in the MCBs (Fig. 1 ). There was a positive correlation between the month ly mean abundance of D. appendiculata and macroalgae (r s = 0.76, p < 0.003, n = 9) (Fig. 3A) . Mean densities of D. appendiculata varied between months, ranging from 7.8 ± 7.7 to 0.0 ± 0.0 ind. m −2 (Fig. 3A) . Lowest mean total densities were found at the beginning of the study (March−April), but an increase was noticed from May (7.8 ± 7.7) to July (4.9 ± 3.0), followed by a decrease from August to December (Fig. 3A) . In August and December, no specimens of D. appendiculata were found in the samples.
Life history of Dulichiella appendiculata
In April, juveniles of D. appendiculata first appeared in the samples and represented > 50% of the population; by July, their proportion had exceeded 70% (Fig. 3B) . The smallest juvenile measured 0.86 mm TL. Juveniles were most abundant in spring, with a decrease in summer through fall (Fig. 2B, Fig. S2A in the Supplement at www.int-res.com/articles/ suppl/ b025p075_supp.pdf). The maximum TL of nonovigerous females, ovigerous females and males were 9.75, 9.85, and 11.1 mm, respectively. Nonovigerous females were found from March to November (Fig. 2B, Fig. S1 in the Supplement at *Samples were not taken in September www.int-res.com/articles/suppl/ b025p075_supp. pdf). The proportions of ovigerous relative to nonovigerous females are presented in Fig. S1 in the Supplement. Ovigerous females increased in proportions from about 60% in spring (May) to about 94% in summer (July) before decreasing to 0% in November. No specimens of D. appendiculata were found in August and December. Mean (± SE) sizes of ovigerous females (Fig. 4 ) were much smaller in June (4.8 ± 0.2 mm), July (5.3 ± 0.2 mm), and October (5.4 ± 0.0 mm) than in April (7.3 ± 0.1 mm) and May (8.8 ± 0.5 mm). Size-frequency distributions showed that the relatively large ovigerous females of D. appendiculata from an overwintering cohort began to produce juveniles in April, and by June had disappeared from the cohort, leaving smaller ovigerous females belonging to a different gen eration to produce juveniles (Fig. 5) . Hence, reproduction in the species was continuous from April to October (Figs. 2−4, Fig. S1 in the Supplement). Overall, there was no significant cor relation be tween the proportions of ovigerous females and any of the environmental variables (i.e. water temperature: n = 12, r s = −0.23, p > 0.503; salinity: n = 12, r s = −0.09, p > 0.503; dissolved oxygen: n = 12, r s = 0.32, p > 0.503; and pH: n = 12, r s = 0.14, p > 0.503). However, the proportions of ovigerous to non-ovigerous females in crea sed with temperature -from 70% (April) when mean water temperature was 14.7 ± 0.77°C (Table 1) tõ 94% (July) when water temperature was at its peak (26.4 ± 0.23°C), before decreasing to 0% (No vember) when the temperature was 9.6 ± 0.2°C (Table 1) . Males were present in all months during which D. appendiculata were captured, but their proportions were lowest in early spring (April) (Fig. 3) . Generally, males were more abundant than ovigerous females from spring to fall (Fig. S2A in the Supplement), but males were smaller in size than ovigerous females (Fig. S2B) . Additionally, the mean sizes of females (ovi gerous and nonovigerous) and males were smaller in summer and fall than in winter and spring (Fig. S2B) . The mean size of gravid females was 6.5 ± 0.2 mm (n = 65); the highest number of embryos per female was observed during spring (peak in April) and summer (peak in July), whereas the lowest numbers were recorded in fall. The smallest observed ovigerous female was 4.1 mm, while the largest was 9.9 mm. The average number of embryos per female was 18.3 ± 1.4, ranging from 3 to 46. The mean diameter of embryos was 0.36 mm, ranging from 0.21 to 0.54 mm. The number of embryos per ovigerous female increased significantly (r 2 = 0.77, p < 0.05) with TL (Fig. 6) .
The ratio of males to females in the D. appendiculata population in the MCBs varied during the study period such that the number of males was significantly higher than females from May to October (Chi-squared = 11.57, df = 1, p < 0.05), but lower in April (Chi-squared = 4.18, df = 1, p < 0.05). However, the sex ratio was 1:1 in March, and sample size (n = 9) was not adequate for assessing the sex ratio in November. In general, the temporal pattern of males to non-ovigerous females or ovigerous females was similar to that of male to total female ratios (Fig. S3A ,B in the Supplement at www.int-res. com/ articles/suppl/ b025p075_supp.pdf).
DISCUSSION
Dulichiella appendiculata in MCBs reproduces
continuously from spring to fall, with embryo incubation and release of juveniles from the brood pouch occurring from April (early spring) through October (early fall). The presence of juveniles in our samples from April to November suggests that the spring and summer generations mature within a relatively short time period, have an incubation period of at least 1 mo, and reproduce more than once. This reproductive strategy concurs with the life-history type reported in low latitudes for amphipod species characterized as having small body size, short maturity time, and high reproductive potentials (Sainte-Marie 1991, Cunha et al. 2000 , Aravind et al. 2007 ).
Steele & Steele (1986) and Bacela & Konopacka (2005) suggested that many northern iteroparous invertebrates overwinter as relatively large nonbreeding adults that produce a brood of young in the spring; then they die, and their offspring breed continuously at smaller sizes during the summer period. This is similar to our observation for D. appendiculata in MCBs. The overwintering (March) females were relatively large in size and by April/ May (mid/ spring) had begun to be ovigerous. Thereafter, by June (late spring), a significant number of cohort members had disappeared from the population, and they were replaced by ovigerous females belonging to a new generation that reproduced at a relatively small body size. However, the small ovigerous fe males found in summer in this study were 71% larger in size than small ovigerous females reported by Nelson (1980) in Beaufort, North Carolina, USA (Table 2) .
In MCBs, the breeding season (with the highest proportions of ovigerous females) of D. appendiculata was in spring, beginning in April when the water temperature was above 6.4°C; the abundance of amphipods also increased during the same season (A. G. Morales-Núñez unpubl. data). Cunha et al. This reproductive strategy may be in response to constraints imposed mainly by low winter temperatures that are suboptimal for reproduction (Cunha et al. 2000) .
The population density of D. appendiculata in our study was higher from May (mid-spring) to July (early summer) and lower from August (mid-summer) to December (late fall). The occurrence of a very low density or the virtual absence of specimens of the species at Sites 5 and 6 and during late summer and fall may be due to a lack of macroalgae in the samples. A positive correlation was observed between the abundance of D. appendiculata and macroalgae, particularly Agardhiella sp. and Gracilaria sp. in MCBs. Other factors such as algal cover, shelter, or inter-specific relationships have been re ported to influence the distribution and abundance of amphipods in estuaries (Nicolaidou & Karakiri 1989 , Aravind et al. 2007 . Macroalgae have been con sidered as the most important factor contributing to habitat structural complexity and heterogeneity in estuaries, coastal lagoons, and shallow waters (Vázquez-Luis et al. 2012) , and are known to function, not only as food and nurseries, but also as shelter from predation (Poore 1994 , Attrill et al. 2000 . Nelson's (1978 Nelson's ( , 1980 ) work on amphipods associated with eelgrass Zostera marina in Beaufort, North Carolina, contains the only published information on some aspects of the life history of D. appendiculata, although some of our results (Table 2 ) differ from his. For example, the mean TL of reproductive females (3.8 mm) and mean brood size (5.1) in the North Carolina population are smaller than the mean TL of reproductive females (6.5 mm) and mean brood size (18.3) of the MCBs D. appendiculata population (Table 2 ). These differences may be due to intraspecific phenotypic plasticity and life-history variation between the 2 populations driven by prevailing environmental factors, and appear to follow the meta bolic theory 'hotter is smaller' proposed by Kingsolver & Huey (2008) . Additionally, Nelson (1978 Nelson ( , 1980 reported that the highest abundance of D. appendiculata occurred from September to March and the lowest abundance during summer (Table 2) . Conversely, in this study, the highest abundance of D. appendiculata was noted from May to July and the lowest abundance was found in mid-summer and fall (Table 2) . It has been suggested that the steep decline in the abundance of amphipods in temperate shallow waters, during summer and fall, is due to high predation pressure (Nelson 1980 , Cunha et al. 2000 , Yu & Suh 2006 . In MCBs, the abundance of fish species increases beginning in spring (April) and peaks in June or July as juveniles of estuarinedependent fishes enter lagoons (S. Doctor, Maryland Department of Natural Resources, unpubl. data). The fishes begin to leave the lagoons as the temperature decreases in early fall (October), and, by November, the majority have moved into coastal waters. Since amphipods comprise a significant component of the diet of juvenile fishes in MCBs (Mayor 2015) , predation by fishes likely contributes to the decline in D. appendiculata abundance from May to August in this study.
The mean embryo size reported in our study is similar to that reported by Nelson (1978 Nelson ( , 1980 in a population of D. appendiculata in North Carolina (Table 2) , despite the fact that the 2 populations differ with regard to the minimum size of reproductive females, mean size of reproductive females, and mean brood size (Table 2 ). It has previously been observed in amphipod populations that environmental factors (especially temperature, food availability, and predation) influence the mean size of reproductive females, brood size, and development of embryos (Nelson 1980 , Yu & Suh 2006 .
In summary, the D. appendiculata population in MCBs has a semi-annual, iteroparous life history, with a longevity of about 6 mo (spring breeder) and 9 mo (fall breeder). The early generation of the population was produced by overwintering females in early to mid-spring, and the second generation in June−July was produced by females belonging to a different cohort in late spring and early summer that was born in May (mid-spring). Overwintering females that reproduced in spring were larger and more fecund than those that reproduced in summer, and their reproductive activity coincided with an increase in temperature beginning in April.
